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Solution-Processable Two-Dimensional In2Se3 Nanosheets as
Efficient Photothermal Agents for Elimination of Bacteria
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Abstract: Two-dimensional (2D) nanoflakes represent an ap-
pealing class of materials for optoelectronics applications
due to their unique layered structures and excellent elec-
tronic properties. However, the lack of easy-to-manipulate
and effective methods for large-scale production of these 2D

materials limits their potential for applications. Also, few ef-
forts have been made to explore their applications in biolog-

ical fields. This work reports the preparation of large quanti-
ties of 2D In2Se3 nanosheets through a solvent exfoliation
technique. Transmission electron microscopy and atomic

force microscopy results show that the In2Se3 nanosheets
are obtained with lateral sizes of tens of nanometers to hun-

dreds of nanometers and thickness of 2–17 layers. Raman

features coupled with the X-ray diffractometry results un-
equivocally confirm the as-prepared In2Se3 nanosheets to be
a phase. Moreover, these a-In2Se3 nanosheets exhibit an ex-
cellent near-infrared (NIR) photothermal performance under
an 808 nm laser irradiation. NIR photo-excitation of the a-

In2Se3 nanosheets in the presence of bacteria leads to a sig-
nificant antibacterial effect, suggesting that these nano-

sheets have great potential to be photothermal antibacterial
agents. Our work on a-In2Se3 nanosheets presents an avail-
able method for exfoliating 2D layered materials, and high-

lights the potential application in chemical and biological
fields of a-In2Se3 nanosheets.

Introduction

Two-dimensional (2D) materials with sheet-liked structures

have attracted tremendous attention in optoelectronics, elec-
tronics, and biomedicine (e.g. , therapy, imaging/diagnosis, and

biosensors) in recent years.[1–9] So far, a large number of 2D
crystals have been explored, including black phosphorus (BP),
transition metal dichalcogenides (TMDCs), and transition metal
oxides (TMOs).[10–14] Thanks to the weak van der Waals forces

between layers, the parent layered bulk materials can be split
into thin sheets with several layers.[15, 16] These layered crystals
exhibit appealing physical and chemical characteristics such as
semiconducting behavior, nonlinear optics, and valleytronics as
well. Furthermore, scientists indicate that these crystals behav-

iors rely heavily on the thickness of obtained nanosheets.[17]

Indium (III) selenide (In2Se3) represents a typical class of layered

A2
IIIB3

VI compound semiconductor, consisting of [Se-In-Se-In-Se]

layers held together through the van der Waals interactions.[18]

Like other layered 2D materials, it is likely that In2Se3 nano-

sheets are of great interest for a wide range of applications

from optoelectronics to photovoltaic devices,[19] and so on.
Most recently, tremendous efforts have been made for the
preparation of In2Se3 nanosheets, including chemical vapor

deposition (CVD), physical vapor deposition (PVD), and micro-
mechanical exfoliation.[17, 20, 21] However, micromechanical exfoli-

ation cannot carry out the large-scale production, and CVD/
PVD processes need stringent conditions such as high temper-
ature and specific airflow velocity. Additionally, the studies of
In2Se3 mainly focus on its physical properties, while no efforts

have been made to explore its application in other areas, such
as chemical or biological fields. As a consequence, it is of great
significance to develop a robust and available method to pro-
duce large quantities of In2Se3 nanosheets, and further expand
their biochemical applications.

Liquid-phase exfoliation has recently received considerable
attention in the production of 2D nanomaterials.[22, 23] This

method allows the delamination of bulk layered crystals to 2D
thin nanosheets by exposure to ultrasonication in liquid. The
physical basis for exfoliation is based on an energy match be-

tween the surface of the 2D crystals and the solvent.[24] These
layered materials can strongly adsorb solvent molecules into

the spacing between adjacent layers. Then, the intercalation of
guest molecules can expand the interlayer spacing, weakening
the interlayer van der Waals bonding and further peeling off

thin 2D nanosheets.[25] The lateral size and thickness of the re-
sultant 2D nanosheets can be controlled by judiciously tuning

the exfoliation conditions, such as ultrasonic frequency, time,
and solvent type. Moreover, size-selected nanosheets can be
achieved by controlled centrifugation, enabling dispersing in
liquids stably for further use. Additionally, the solvent exfolia-
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tion technique is low-cost, simple to implement, and potential-
ly appropriate for the large-scale production. Thus, solvent ex-

foliation technique is a promising approach for mass produc-
tion of solution-processable 2D nanosheets with desired physi-

cal and chemical properties, and could have a transformative
effect on materials science and technology.

Due to the excellent photothermal properties in the near-in-
frared (NIR) region, NIR photothermal agents have generated

broad interest in antibacterial treatment, drug delivery, tissue

engineering, and cancer photothermal therapy.[26–28] Although
various 2D materials such as graphene,[5] molybdenum disul-
fide,[29] and black phosphorus (BP),[23] have been used as effec-
tive photothermal agents, the exploitation of new types of

photothermal agents is of great scientific and clinical interest.
So far, the photothermal properties of In2Se3 nanosheets have

not been explored. In this regard, the investigation of the pho-

tothermal properties of In2Se3 can help to exploit the potential
of biochemical application of In2Se3 nanosheets. Herein, we de-

velop a solvent exfoliation technique for the production of so-
lution-processable 2D In2Se3 nanosheets. Importantly, for the

first time, we highlight that the In2Se3 nanosheets exhibit good
photothermal properties with excellent photothermal conver-

sion efficiency under NIR laser irradiation. The In2Se3 nano-

sheets coupled with NIR irradiation are applied as antibacterial
agents. The photothermal character of In2Se3 nanosheets indi-

cates that they can be highlighted as an emerging and ideal
photothermal platform for antibacterial therapy and cancer

therapy.

Results and Discussion

As shown in Scheme 1, bulk In2Se3 is exfoliated by a solvent
exfoliation technique that involves ultrasound probe sonication

in N-methyl-2-pyrrolidone (NMP) solution. The In2Se3 nano-
sheets were obtained by controlled centrifugation. Transmis-
sion electron microscopy (TEM) was used to investigate the

morphology of the obtained In2Se3 nanosheets. As shown in

Figure 1 a, the individual and scattered In2Se3 nanosheets with

amorphous morphology are observed, and their lateral sizes
are measured to be of about 300 nm. The inset image in Fig-

ure 1 a depicts the photograph of the NMP solution containing
exfoliated In2Se3 nanosheets. The brown color of the suspen-

sion is observed, and these solution-processable In2Se3 nano-
sheets exhibit excellent stability and dispersibility in NMP, indi-

cating the efficient exfoliation of In2Se3. The elemental map-
ping in Figure 1 b shows that both In and Se are homogene-

ously distributed across the flake. Atomic force microscopy
(AFM) image shows that these In2Se3 flakes appear with

heights from 2 to 17 nm, indicating that obtained In2Se3 nano-

sheets were about 2–17 layers. (Figure S1, Supporting Informa-
tion).[20] In bulk or thin-flake In2Se3, the properties such as band

gap, and sensitivity largely depend on stoichiometry and
phase, resulting in inconsistent performances.[30] Recent re-

searches suggest that In2Se3 exists in five crystalline forms (a,
b, g, d, and k).[31, 32] Among them, a-phase and b-phase are the

two common forms sharing a layered crystalline structure.[11] X-

ray diffractometry (XRD) was conducted to determine the crys-
tallographic phase of the as-prepared In2Se3 nanosheets. The

peaks shown in XRD data exhibit primarily the characteristic of
a-phase (Figure S4).[33] Furthermore, the high-resolution TEM
(HRTEM) image in Figure 1 c reveals highly crystallinity of the
nanosheets with a lattice spacing of about 0.35 nm, consistent

with the (1–100) plane of the hexagonal a-In2Se3.[30] X-ray pho-
toelectron spectroscopy (XPS) was also conducted to analyze
the composition of the obtained nanosheets. It is clear that

only In and Se elements can be found in the full scale spec-
trum, whereas C and O are in accordance with the reference

(Figure 1 d). High resolution XPS spectra of In 3d and Se 3d are
shown in Figure S5. Peaks located at 444.2 eV and 451.8 eV ori-

ginated from the In 3d5/2 and In 3d3/2 doublets, respectively.

The peaks appearing at 53.9 eV and 59.1 eV originated from
the Se 3d5/2 and Se 3d3/2 binding energies. These spectral fea-

tures all confirm a pure phase of In2Se3.[34]

Spectroscopic technologies containing Raman spectrum and

photoluminescence (PL) were further applied to investigate
the quality and property of the as-prepared In2Se3 nanosheets.

Scheme 1. Schematic illustration of the preparation of In2Se3 nanosheets.

Figure 1. (a) TEM image of In2Se3 nanosheets. Inset: Photograph of In2Se3

nanosheets dispersed in NMP solution. (b) TEM image (at higher magnifica-
tion) and elemental mapping images of the In2Se3 nanosheets. (c) HRTEM
image of the In2Se3 nanosheets. (d) Full scale XPS scan of In2Se3 nanosheets.
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The Raman spectra shown in Figure 2 a were collected with a
532 nm laser as the light source. Three Raman peaks at &102,

&180, and &196 cm@1 are observed in both bulk In2Se3 and
In2Se3 nanosheets, which originated from A1 (LO + TO), A1 (TO),

and A1 (LO) modes, respectively.[20, 35] Moreover, there is nearly

no difference between bulk In2Se3 and In2Se3 nanosheets, indi-
cating that sonication causes negligible damage to the struc-

ture of In2Se3. The Raman features coupled with the XRD result

unambiguous identify the exfoliated In2Se3 nanosheets to be a

phase. The PL properties of bulk In2Se3 and In2Se3 nanosheets

were obtained at room temperature, as shown in Figure 2 b.
The bulk In2Se3 exhibits a weak PL signal, but a strong PL

signal located at 830 nm is found in exfoliated In2Se3 nano-
sheets. Supposedly, this PL property may contribute to the syn-

ergistic effects of the carrier confinement across the xy-plane

as well as along the z-axis.[36] The PL property of In2Se3 nano-
sheets makes it an emerging NIR imaging material.

The NIR extinction of In2Se3 nanosheets suspension was
characterized by the optical absorption spectra. As shown in

Figure 3 a, the acquired absorption spectra show a broad ab-
sorption band spanning the UV/Vis-NIR regions and the ab-

sorption intensity gradually decreases along with the reduction

of concentration of In2Se3 nanosheets suspension. This charac-
ter of the optical absorption spectra is similar to that of other
2D layered materials, such as BP[27] and graphene oxide
(GO).[37, 38] The normalized absorption intensity of In2Se3 nano-

sheets at 808 nm over length of the cell (A/L) was monitored
at different concentrations (C). As shown in Figure 3 b, A/L at

808 nm showed a linear trend on the concentration, which is
consistent with the Lambert–Beer law (A/L =aC, where a rep-
resents the extinction coefficient). The extinction coefficient of
In2Se3 nanosheets at 808 nm is estimated to be 2.4 L g@1 cm@1,
which is slightly under that of GO nanosheets.[19] These results

above indicate that In2Se3 nanosheets are potential photother-
mal agents. To investigate the photothermal performance of

the In2Se3 nanosheets, different concentrations of In2Se3 nano-

sheet suspensions were irradiated with an 808 nm NIR laser.
The temperature of the suspension was then monitored over

time (Figure 3 c). After irradiating with an 808 nm laser for
15 min, the final temperature elevation gradually increases

with the increasing concentration of In2Se3 nanosheets. At a
certain concentration (150 ppm), the temperature of the In2Se3

suspension increases to 53 8C, while the temperature of pure
water only increases to 31 8C. These photothermal results indi-

cate that the In2Se3 nanosheets have excellent photothermal
conversion efficiency under NIR laser irradiation. Furthermore,

to investigate the photothermal stability of In2Se3 nanosheets,

In2Se3 nanosheets suspension was irradiated with NIR laser, fol-
lowed by natural cooling to room temperature after turning

down the laser. This same cycle was repeated six times and
the temperature was monitored with time. As shown in Fig-

ure 3 d, the photothermal performance remains good during
temperature elevation and photothermal cycle, highlighting

that the In2Se3 nanosheets can be applied as a potential pho-

tothermal agent.
The photothermal effect of In2Se3 nanosheets for anti-micro-

bial applications was next investigated, as shown in Figure 4.
When E. coli cells were only incubated with the In2Se3 nano-

sheets (In2Se3 concentration is 0, 50, 100, and 150 ppm) for
2 hours, there are still plenty of bacteria alive even at the rela-

tive high concentration of 150 ppm (Figure 4 a, top). In con-
trast, when the bacteria were incubated with various concen-
trations of In2Se3 nanosheets and then exposed to the 808 nm

laser for 10 min, a dose-dependent antibacterial effect can be
observed. The bacterial viabilities are apparently reduced with

the increasing concentrations of In2Se3 nanosheets (Figure 4 a,
down). Clearly, at the relative low concentration of In2Se3 nano-

sheets (150 ppm), almost all of the bacteria are killed under

NIR irradiation, and the bacterial inactivation percentage is
98 % (Figure 4 b). Moreover, Gram-positive bacteria (S. aureus)

can also be eliminated effectively by the photothermal effect
of In2Se3 nanosheets (Figure S10). Additionally, a fluorescent

live/dead assay was carried out to visualize the antibacterial
ability of In2Se3 nanosheets with NIR irradiation. Two fluores-

Figure 2. (a) Raman spectra and (b) PL spectra of the In2Se3 nanosheets and
bulk In2Se3.

Figure 3. (a) Absorbance spectra of In2Se3 nanosheet suspensions at different
concentrations. (b) Normalized absorbance intensity at 808 nm over the
characteristic length of the cell (A/L) at different concentrations. (c) Photo-
thermal heating curves of water and In2Se3 nanosheets suspensions at differ-
ent concentrations under 808 nm irradiation (3.0 W cm@2). (d) Photothermal
cycle curve of the In2Se3 nanosheets suspensions with six laser on/off cycles.
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cent dyes of SYTO9 and propidium iodide (PI) were used to

discriminate live (green fluorescence) and dead (orange-red

fluorescence) bacteria, respectively. As shown in Figure 4 c,
when bacteria are incubated with In2Se3 nanosheets, no signifi-

cant cytotoxicity can be observed without NIR irradiation.
However, when the bacteria were incubated with In2Se3 nano-

sheets and then exposed to the 808 nm laser, almost all of the
bacteria were killed. These results show that bacteria can be

effectively killed by the heat produced by In2Se3 nanosheets,

confirming the suitability of In2Se3 nanosheets as an efficient
photothermal agent.

As a real application, we also investigated the antibacterial
activity of these obtained In2Se3 nanosheets in natural freshwa-

ter (East Lake, Wuhan, China). The water was first filtered
through the filter membrane with a diameter of 0.22 mm and
then spiked with bacteria for further use. The bacteria-contami-

nated water without treatment served as a control. As shown
in Figure 5, no obvious bacterial inactivation is observed from

the water only exposed to NIR laser or incubated with the
In2Se3 nanosheets, suggesting that the NIR light and the In2Se3

nanosheets do not have any significant antibacterial effect.
Conversely, the water containing In2Se3 nanosheets shows a

bacterial inactivation percentage of 99.99 % under NIR irradia-
tion. These results suggest that the hyperthermia produced by

In2Se3 nanosheets with NIR irradiation has remarkable antibac-
terial effect in natural water system. Furthermore, the In2Se3

nanosheets can be easily separated by centrifugation or natu-
ral deposition, making it suitable for sterilization in natural
water.

To further investigate the antibacterial behavior of the pho-
tothermal effect triggered by In2Se3 nanosheets, the morpholo-

gy of bacteria were observed with scanning electron microsco-
py (SEM). As shown in Figure 6 a,b, natural E. coli cells are rod-

shaped with a smooth surface and integrated structure.

When the E. coli cells were only irradiated with NIR laser or

incubated with the In2Se3 nanosheets, no obvious disruption
on the cell walls is observed (Figure 6 c–f), indicating NIR irradi-
ation or In2Se3 nanosheets has no influence on the anti-micro-

bial effects. In contrast, after irradiation with the NIR laser, the
In2Se3 nanosheets-treated E. coli cells lose their integrity and

the cell walls become partially wrinkled and cracked (Fig-
ure 6 g,h). Notably, the group of In2Se3 nanosheets coupled

with the NIR irradiation show much more violent damage on
the bacterial integrity, indicating that the strong antibacterial

ability is caused by the photothermal performance of In2Se3

nanosheets. In this case, it is speculate that the hyperthermia
have greatly destructive effect on bacterial viability.[39] These

results demonstrate that the In2Se3 nanosheets can be an effi-
cient photothermal agent for anti-microbial applications.

Conclusions

In this work, we developed a solvent exfoliation technique for
large-scale production of 2D a-In2Se3 nanosheets. The mor-

phologies and sizes of the as-prepared nanosheets were con-
firmed by TEM and AFM characterization, showing that the

In2Se3 nanosheets have lateral sizes of tens of nanometers to
hundreds of nanometers and thicknesses of 2–17 layers. These

Figure 4. (a) Photographs of formed bacterial colonies of E. coli cells after
being exposed to 0, 50, 100, and 150 ppm In2Se3 nanosheets without or
with the NIR laser irradiation. (b) Relative bacterial viabilities of E. coli cells
after incubation with 0, 50, 100, and 150 ppm In2Se3 nanosheets without or
with 808 nm irradiation, determined by plate count method. ***p<0.001
(the groups with NIR irradiation versus the groups without NIR irradiation),
showing significant difference between the two groups. (c) Fluorescence
images of bacteria stained with SYTO9 and PI.

Figure 5. (a) Photographs of formed bacterial colonies of E. coli contaminat-
ed natural water after being exposed to 0 and 150 ppm In2Se3 nanosheets
without or with the NIR laser irradiation. (b) Relative bacterial viabilities of E.
coli cells after incubation with 0 and 150 ppm In2Se3 nanosheets without or
with 808 nm irradiation, determined by plate count method. ***p<0.001
(the groups with different treatment versus the control group), showing sig-
nificant difference from the control group.

Figure 6. The illustrations (top) and corresponding SEM images (bottom) of
E. coli cells under different conditions: (a, b) without treatment; (c, d) irradiat-
ed with 808 nm laser (3 W cm@2) ; (e, f) incubated with In2Se3 (150 ppm);
(g, h) incubated with In2Se3 (150 ppm) and irradiated with 808 nm laser
(3 W cm@2).
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obtained In2Se3 nanosheets were characterized to be a phase
by XRD and Raman measurements. Furthermore, the obtained

a-In2Se3 nanosheets exhibit good photothermal performance
under the NIR laser irradiation. The antibacterial results demon-

strate that these a-In2Se3 nanosheets have excellent antibacte-
rial capabilities owing to their photothermal properties. The

liquid exfoliation technique we reported here will broaden the
fabrication method of the whole family of 2D layered materials.
Moreover, the photothermal performance of a-In2Se3 nano-

sheets can exploit their potential application in chemical and
biological fields.

Experimental Section

Chemicals

The bulk In2Se3 with 150 mm diameter was purchased from Nanjing
XFNANO Materials Tech Co., Ltd (Nanjing, China). The N-methyl-2-
pyrrolidone (NMP), glutaraldehyde and ethanol were provided by
Sinopharm Chemical Reagent Co., Ltd. , China. Propidium Iodide
(PI) (Solarbio, China), SYTO9 (Invitrogen, Carlsbad, CA), Bacto pep-
tone (Becton, Dickenson & Co.), Yeast extract (Oxoid Ltd. , Basing-
stoke, Hampshire, England.), agar (Vetec) and NaCl (Aladdin) were
used without further purification.

Preparation of In2Se3 nanosheets

The In2Se3 nanosheets were prepared according to a liquid exfolia-
tion technique.[40] Specifically, 500 mg of commercial bulk In2Se3

powders were dispersed in 300 mL of NMP. The mixture solution
was sonicated in an ice bath with a sonic tip (ultrasonic frequency:
19–25 kHz) for 24 h (period of 6 s with the interval of 2 s) under
argon protection. The obtained brown dispersion was centrifuged
for 5 min at 4000 rpm to remove the massive particles. Then, the
supernatant containing the In2Se3 nanosheets was centrifuged for
10 min at 6000 rpm. After drying in a vacuum drying oven for 4 h,
the In2Se3 nanosheets were obtained.

NIR laser-induced heat conversion

In2Se3 nanosheets were dispersed in ultrapure water with final
nanosheet concentrations of 25 ppm, 50 ppm, 100 ppm, and
150 ppm. The solutions were irradiated for 15 min using an
808 nm diode laser system (BWT Beijing Ltd, Beijing, China) with a
power density of 3 W cm@2. The ultrapure water and bulk In2Se3

were used as controls. The temperature was monitored by the FLIR
A35 infrared thermal imaging camera (USA).

Antibacterial activity of In2Se3 nanosheets after NIR expo-
sure

The Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus)
were used as model bacteria to examine the photothermal anti-
bacterial activities of the In2Se3 nanosheets. Luria–Bertani (LB)
broth medium consists of 10 g Bacto peptone, 5 g yeast extract,
15 g agar, and 10 g NaCl per liter of ultrapure water. Optical densi-
ty (OD) at 600 nm was measured to confirm the concentration of
bacteria. First, the bacterial suspensions with a certain concentra-
tion of 1.0 V 106 CFU per mL were mixed with In2Se3 nanosheets at
different concentrations. After that, the suspensions were exposed
to an 808 nm laser (3 W cm@2) for 10 min and further incubated at
37 8C with shaking for 2 h. Then, 10 mL of suspension was spread

on the LB medium and incubated at 37 8C. Colonies formed after
incubation for 24 h. The relative bacterial viabilities were calculated
based on colony counting method.[41] The relative bacterial viability
of the untreated bacterial suspension was regarded as 100 %.

Antibacterial activity of In2Se3 nanosheets in natural water

The water was sampled from the west side of the East Lake
(Wuhan, China) and then filtered through the filter membrane with
a diameter of 0.22 mm. A certain concentration of bacteria (1.0 V
106 CFU per mL) was spiked into water for the following experi-
ments. Four typical groups of the bacteria-contaminated water
(a) without treatment, (b) exposed to 808 nm laser (3 W cm@2),
(c) incubated with In2Se3 (150 ppm), (d) incubated with In2Se3

(150 ppm) and exposed to 808 nm laser (3 W cm@2) were incubated
at 37 8C with shaking for 2 h. Then, 10 mL of suspension was
spread on the LB medium and incubated at 37 8C. Colonies formed
after incubation for 24 h. The relative bacterial viabilities were cal-
culated based on colony counting method.[41] The relative bacterial
viability of the untreated bacterial suspension was regarded as
100 %.

Morphology observation of E. coli cells

Four typical groups of the bacterial suspensions (1.0 V
109 CFU per mL) (a) without treatment, (b) irradiated with 808 nm
laser (3 W cm@2), (c) incubated with In2Se3 (150 ppm), (d) incubated
with In2Se3 (150 ppm) and irradiated with 808 nm laser (3 W cm@2)
were fixed with 2.5 % glutaraldehyde overnight at 4 8C and then
washed with PBS twice. 10 mL of the suspensions were dropped on
silicon wafers and dried under room temperature. Then the dried
bacteria cells were sputter-coated with Au for SEM image after
being dehydrated by 25, 50, 75, and 100 % of ethanol, respectively
for 15 min.

The live/dead bacterial assay

Four typical groups of the bacterial suspensions (1.0 V
109 CFU per mL) (a) without treatment, (b) irradiated with 808 nm
laser (3 W cm@2), (c) In2Se3 nanosheets (150 ppm), (d) In2Se3 nano-
sheets (150 ppm) and irradiated with 808 nm laser (3 W cm@2) were
stained with a fluorescent probe that contained 5 mm green-fluo-
rescing SYTO9 and 15 mm red-fluorescing PI. After being incubated
in the dark for 30 min, the bacteria were visualized on a PerkinElm-
er UltraVIEW VoX microscope with a V 60 objective lens.
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